Theiler's murine encephalomyelitis virus (TMEV) is a member of the family Picornaviridae and is divided into two subgroups, GDVII and Theiler's original (TO), according to neurovirulence within the central nervous system (CNS) (40) . The GDVII subgroup viruses, including the GDVII and FA strains, cause an acute fatal polioencephalomyelitis in mice (41) . Infected mice show weight loss and encephalitic signs, including hunched back and ruffled fur, and die within 10 days, regardless of mouse strain.
The TO subgroup viruses, including the Daniels (DA) and BeAn strains, also cause acute polioencephalomyelitis 1 week postinfection (p.i.) (acute phase) but show relatively low neurovirulence. During the acute phase, most mice show only mild clinical signs, such as impairment of the righting reflex. Infected mice survive and recover around 2 weeks p.i. Thereafter, clearance or persistence of virus depends on the strain of mice. BALB/c and C57BL/6 mice clear virus from the CNS after the acute phase, develop little or no chronic disease, and are considered resistant mouse strains (22, 29) . On the other hand, infection of susceptible strains of mice, such as SJL/J mice, with the TO subgroup results in virus persistence and chronic inflammatory demyelinating lesions in the white matter of the spinal cord (chronic phase), similar to multiple sclerosis (MS) (30) . TMEV-induced demyelination is seen from 3 to 4 weeks after infection, and virus persistence and immunemediated pathogenesis play important roles in the disease course (41).
CD1d is a major histocompatibility complex (MHC) class I-like molecule and is required for the development of natural killer T (NKT) cells (11, 12) . NKT cells express phenotypic markers that are typical of conventional T cells and natural killer (NK) cells. Invariant T-cell receptors (TCR) encoded by V␣14 in mice and V␣24 in humans are also expressed on NKT cells (20) . NKT cells can recognize glycolipids presented by CD1d (15, 49) and produce large amounts of cytokines, particularly interleukin-4 (IL-4) and/or gamma interferon (IFN-␥). This leads to modulation of a variety of immune cells; thus, NKT cells can play an important role in bridging innate and acquired immunity (6, 35) .
NKT cells can play dual roles in both virus infection and immune-mediated disease. In virus infection, NKT cells play a crucial role in protective immune responses (49) . For example, in lymphocytic choriomeningitis virus infection, CD1d-deficient (CD1 Ϫ/Ϫ ) mice, which lack NKT cells, produced increased amounts of cytokines and cleared the virus faster than wild-type mice (28) . However, NKT cells can also downregulate the immune response to viruses, such as with respiratory syncytial virus (18) .
In a variety of immune-mediated diseases and their models (23) , NKT cells can play a regulatory (protective) role, usually via the production of Th2-type cytokines (49) . However, in some instances, NKT cells appear to enhance autoimmunity via production of Th1-type cytokines (11) . In MS, it has been reported that V␣24
ϩ NKT cells are rarely observed in plaques in the CNS and are reduced in the peripheral blood (14, 48) . However, others have reported no differences in the frequency of CD4 Ϫ CD8 Ϫ V␣24 ϩ NKT cells between MS patients and healthy control subjects, while lower frequencies of IL-4-secreting NKT cell clones were found in relapsing-remitting MS patients, compared with NKT cells derived from progressive MS patients and controls (10) . Similarly, in experimental allergic (autoimmune) encephalomyelitis (EAE), an autoimmune model for MS, contrasting roles for NKT cells have been demonstrated. NKT cells have been reported to play a protective role against demyelination, while some investigators showed no role or a detrimental role for NKT cells (9, 17, 21, 24, 32, 37) . The discrepancies among reports are partly due to the fact that some glycolipid ligands, which were used for NKT cell stimulation, favor production of IFN-␥, while others preferentially induce IL-4 production by NKT cells (24, 50) .
Whereas CD1d-restricted NKT cells can play a protective role in virus infection, including picornaviruses (8, 27) , they can play a regulatory or deleterious role in immune-mediated diseases by production of cytokines (50) . Thus, in TMEV infection, CD1d could not only contribute to clearance of virus but also modulate the immune-mediated demyelinating disease. To investigate the role of CD1d in TMEV infection, we infected BALB/c CD1 Ϫ/Ϫ and wild-type mice with two strains of TMEV, GDVII and DA. In GDVII virus infection, we found that wild-type mice were more resistant to the acute disease, having a higher median lethal dose (LD 50 ) titer than CD1 Ϫ/Ϫ mice. Pathologically, wild-type mice had fewer viral antigen-positive cells with higher numbers of inflammatory cell infiltrates in the CNS than CD1
Ϫ/Ϫ mice. In DA virus infection, CD1
Ϫ/Ϫ mice developed demyelinating disease with more neurological deficits than wild-type mice at 3 and 5 weeks p.i. DA virus-specific lymphoproliferative responses and IL-4 production were higher in CD1 Ϫ/Ϫ mice than in wild-type mice. Thus, CD1d-restricted NKT cells could play a protective role in TMEV-induced neurological diseases by alteration of the cytokine profile and antivirus immune response.
MATERIALS AND METHODS

Animal experiments. Four-week-old CD1
Ϫ/Ϫ mice on a BALB/c background, C.129S2-Cd1 tm1Gru mice (34) , and wild-type BALB/c mice (Jackson Laboratory, Bar Harbor, ME) were infected intracerebrally with 0.1 to 1,000 PFU of the GDVII strain or 2 ϫ 10 5 PFU of the DA strain of TMEV. Mice were weighed and observed daily for up to 6 months. Clinical signs of neurological disease were evaluated by measuring an impairment in the righting reflex (47) . When the proximal end of the mouse's tail is grasped and twisted to the right and then to the left, a healthy mouse resists being turned over (score of 0). If the mouse is flipped onto its back but immediately rights itself on one side or both sides, it is given a score of 1 or 1.5, respectively. If it rights itself in 1 to 5 s, the score is 2. If righting takes more than 5 s, the score is 3. The LD 50 was calculated using the Reed and Muench calculation of the 50% endpoint (4).
Neuropathology. Mice were perfused with phosphate-buffered saline, followed by 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO). The brain, coronally divided into five slabs, and the spinal cord, transversely divided into 12 segments, were embedded in paraffin. Four-micrometer-thick sections were stained with Luxol fast blue for myelin visualization. Histological scoring was performed as previously described (47) . Brain sections were scored for meningitis (0, no meningitis; 1, mild cellular infiltrates; 2, moderate cellular infiltrates; 3, severe cellular infiltrates), perivascular cuffing (0, no cuffing; 1, 1 to 10 lesions; 2, 11 to 20 lesions; 3, 21 to 30 lesions; 4, 31 to 40 lesions; 5, over 40 lesions), and demyelination (0, no demyelination; 1, mild demyelination; 2, moderate demyelination; 3, severe demyelination). Each score from the brain was combined for a maximum score of 11 per mouse. For scoring of spinal cord sections, each spinal cord segment was divided into four quadrants: the ventral funiculus, the dorsal funiculus, and each lateral funiculus. Any quadrant containing meningitis, perivascular cuffing, or demyelination was given a score of 1 in that pathological class. The total number of positive quadrants for each pathological class was determined and then divided by the total number of quadrants present on the slide and multiplied by 100 to give the percent involvement for each pathological class. An overall pathological score was also determined by giving a positive score if any pathology was present in the quadrant. This was also presented as the percent involvement.
Viral antigen-positive cells were visualized by immunohistochemistry with TMEV antiserum, using the avidin-biotin peroxidase complex technique (Vector, Burlingame, CA) with 3,3Ј-diaminobenzidine tetrahydrochloride (SigmaAldrich) as chromogen (45) . Enumeration of viral antigen-positive cells in the CNS was performed with a light microscope, at a magnification of ϫ200, using five coronal brain sections and 12 transverse spinal cord sections per mouse, as described previously (46) . All antigen-positive cells were counted in the five brain and 12 spinal cord sections in all mice. We used five wild-type mice and five CD1 Ϫ/Ϫ mice in GDVII virus infection and four to eight mice per group at each time point in DA virus infection.
Lymphoproliferation. Spleens were removed from TMEV-infected mice at 1, 3, and 5 weeks and 2 and 6 months p.i., and mononuclear cells (MNCs) were isolated using Histopaque 1083 (Sigma-Aldrich). A volume of 100 l of 2 ϫ 10 sham-infected APCs (nAPCs). DA-APCs were made from whole spleen cells infected in vitro with DA virus at a multiplicity of infection of 1 and irradiated with 2,000 rads using a 137 Cs irradiator (46) , while nAPCs were prepared from sham-infected spleen cells. The cells were cultured for 4 days, after which time each well was pulsed with 1 Ci of tritiated thymidine (Perkin-Elmer Life Sciences, Boston, MA). Then, 18 to 24 h later, the cells were harvested onto a FilterMAT (Skatron Instrument Inc., Sterling, VA) using a multiwell cell harvester (Molecular Devices, Sunnyvale, CA), and 3 H incorporation was determined using an LS 6500 multipurpose scintillation counter (Beckman Coulter, Inc., Fullerton, CA). All cultures were performed in triplicate. A stimulation index was calculated using the following formula: (cpm of MNCs incubated with TMEV-APCs)/(cpm of MNCs incubated with nAPCs).
Cytokine assays. Spleen MNCs were harvested 1, 3, and 5 weeks and 2 and 6 months p.i. and cultured at 2 ϫ 10 6 cells/ml in six-well plates (Corning Inc., Corning, NY) in the presence or absence of concanavalin A (5 g/ml) or DA virus at a multiplicity of infection of 1. Culture supernatants were harvested 48 h after stimulation. IFN-␥ and IL-4 were measured using the enzyme-linked immunosorbent assay system OptEIA set (BD PharMingen, San Jose, CA), according to the manufacturer's instructions (44) .
RESULTS
Protective role of CD1d in GDVII virus infection.
We first investigated the role of CD1d in mice infected with a neurovirulent strain of TMEV, GDVII. GDVII virus causes acute fatal polioencephalitis in mice, regardless of the strain. Most infected mice die within 10 days. In the CNS, GDVII virus infection results in massive apoptosis of neurons and substantial viral replication. This is associated with a failure in both the cellular and humoral immune response against virus (41, 43) . We inoculated 0.1 to 1,000 PFU of GDVII virus intracerebrally in wild-type and CD1 Ϫ/Ϫ mice. Between days 4 and 5 p.i., most mice infected with GDVII virus started to show signs of encephalitis, such as weight loss, ruffled fur, and a hunched posture. Most infected mice died around day 7 p.i. (Table 1 ). All mice that had clinical signs died, and no mice with clinical signs recovered. The day of onset of clinical signs and survival period were similar between the wild-type and CD1
Ϫ/Ϫ mice infected with 10 to 1,000 PFU of GDVII virus, while CD1 Ϫ/Ϫ mice showed more rapid weight loss than wild-type mice ( Fig. 1) . At low infectious doses, more wild-type mice survived than CD1 Ϫ/Ϫ mice; the LD 50 titer for wild-type mice was 10 PFU and that for CD1 Ϫ/Ϫ mice was 1.6 PFU.
CD1
؊/؊ mice infected with GDVII virus have more infected cells with less inflammation. To investigate a possible protective role of CD1d in GDVII virus infection, we compared the extent of neuropathology between wild-type and CD1
Ϫ/Ϫ mice infected with GDVII virus. In the brain, wild-type mice had a moderate amount of perivascular MNC inflammation in the gray matter of the cerebral cortex, the hippocampus, and the thalamus (Fig. 2a) . In contrast, CD1 Ϫ/Ϫ mice had much fewer perivascular cuffs in the brain parenchyma (Fig. 2b ). In the spinal cord, wild-type mice had a moderate level of meningitis, while CD1 Ϫ/Ϫ mice had less meningeal cell infiltration. Perivascular cuffing was minimal in the spinal cord in both wild-type and CD1
Ϫ/Ϫ mice. Quantification of inflammatory scores showed that wild-type mice had a significantly higher meningitis score (P Ͻ 0.001, t test) and overall inflammation score (P Ͻ 0.01) than CD1 Ϫ/Ϫ mice (Fig. 3b) . Wild-type mice also had higher brain inflammation scores than CD1 Ϫ/Ϫ mice, although the difference did not reach statistical significance (Fig. 3a) (P ϭ 0.15).
We also compared numbers of viral antigen-positive cells between the wild-type and CD1 Ϫ/Ϫ mice, using consecutive sections to those used for the neuropathology. Interestingly, we found greater numbers of viral antigen-positive cells in CD1 Ϫ/Ϫ mice (Fig. 2d ) than in wild-type mice (Fig. 2c) . Quantification of viral antigen-positive cells showed that CD1 Ϫ/Ϫ mice had significantly higher numbers of viral antigen-positive cells than wild-type mice in the brain (Fig. 3c ) (P Ͻ 0.05, t test). Similarly, in the spinal cord, CD1 Ϫ/Ϫ mice had higher numbers of viral antigen-positive cells than wildtype mice, although this difference did not reach statistical significance (Fig. 3d) (P ϭ 0.38). These results suggest that the CD1d molecule plays a protective role by induction of an inflammatory response, resulting in fewer viral antigen-positive cells in the CNS. CD1 ؊/؊ mice infected with DA virus develop mild clinical signs around 3 weeks p.i. We next tested whether CD1 Ϫ/Ϫ mice infected with a virus from the TO subgroup of TMEV would develop clinical signs similar to wild-type BALB/c mice. BALB/c mice are known to be resistant to chronic TMEVinduced demyelinating disease (22, 29) . Viruses from the TO strain infect neurons in the CNS, 1 week p.i., but thereafter virus is cleared from the CNS without causing demyelination. We infected wild-type and CD1
Ϫ/Ϫ mice with DA virus of the TO subgroup of TMEV and observed the mice for clinical signs. During the acute phase, 1 to 2 weeks after infection, we observed similar levels of impairment of the righting reflex in both wild-type and CD1 Ϫ/Ϫ mice (Fig. 4a) . The peak of impaired righting reflex scores was seen around 7 to 10 days p.i., and infected mice recovered during the following 1 week. However, 3 to 4 weeks p.i., 81% of CD1 Ϫ/Ϫ mice developed mild impairment of the righting reflex, while most wild-type mice showed no impairment; there were significant differences in clinical signs between the two groups of mice (P Ͻ 0.05) (Fig. 4a) . At 3 to 4 weeks p.i., CD1
Ϫ/Ϫ mice also gained less weight, although this did not reach statistical significance, compared with wild-type mice (Fig. 4b) (P ϭ 0.09) . The exacerbation of the righting reflexes in most CD1
Ϫ/Ϫ mice subsided in the following 2 weeks. Thereafter, no differences were noted in righting reflex scores between wild-type and CD1
Ϫ/Ϫ mice during a 6-month observation period. 
؊/؊ mice infected with DA virus develop a demyelinating disease. We compared the neuropathology of wild-type versus CD1
Ϫ/Ϫ mice 1, 3, and 5 weeks and 2 and 6 months after DA virus infection. In the brain of wild-type mice, mild meningitis and perivascular cuffing were observed in the gray matter, only at 1 week p.i. (Fig. 5a ). After 3 weeks p.i., we did not see abnormalities in brain pathology, except for a few cells present in the meninges in a few mice; mean brain pathology scores were close to 0 at 3 and 5 weeks p.i. (Fig. 6a ) and 2 and 6 months p.i. (data not shown). In CD1
Ϫ/Ϫ mice, we found similar pathology in the brain, compared with that of wild-type mice, at all time points (Fig. 5b and 6a) .
In the spinal cord of wild-type mice, mild meningitis and perivascular cuffing in the white matter were seen at 1, 3, and 5 weeks p.i. (Fig. 5c and 6b, c, and d) , while no inflammation was seen at 2 and 6 months p.i. (data not shown). No demyelination was seen in the CNS of the wild-type mice at any time point. In contrast, in CD1
Ϫ/Ϫ mice, we found small demyelinating lesions (Fig. 5d ) in a few segments in 20% and 60% of mice at 3 and 5 weeks p.i., respectively, but not at 1 week or 2 and 6 months p.i. The extent and localization of inflammation in the spinal cord of CD1 Ϫ/Ϫ mice were similar to those in wild-type mice. Using a neuropathology score, we quantified the severity of lesions. At 5 weeks p.i., CD1 Ϫ/Ϫ mice had significantly higher demyelination scores than wild-type mice (P Ͻ 0.05, t test) (Fig. 6d) . In the other neuropathology scores, there were no significant differences between wild-type and CD1 Ϫ/Ϫ mice (Fig. 6 ). Using immunohistochemistry, we compared differences in the numbers and localization of viral antigen-positive cells between wild-type and CD1
Ϫ/Ϫ mice at 1, 3, and 5 weeks and 2 and 6 months after DA virus infection. During the acute phase, 1 week p.i., viral antigen was detected in neurons around the caudoputamen (injection site), the cerebral cortex, the hippocampus, and the anterior horn cells of the spinal cord in both wild-type and CD1
Ϫ/Ϫ mice ( Fig. 7a and b) . The numbers of viral antigen-positive cells in the CNS were much lower with DA virus infection (Fig. 8 ) than with GDVII virus infection (Fig. 3) . Although wild-type mice tended to have more viral antigen-positive neurons than CD1 Ϫ/Ϫ mice at 1 week p.i. (Fig. 8) , there was no statistical difference in viral antigenpositive cells between the two groups (t test; brain, P ϭ 0.31; spinal cord, P ϭ 0.13). At 3 and 5 weeks p.i., only a low number of viral antigen-positive glial cells were detected in the white matter of the brainstem and the spinal cord in both mouse groups ( Fig. 7c and d and 8b) . Only a few mice from both groups of mice had viral antigen-positive cells in the brain or the spinal cord at 2 months p.i. and no viral antigen-positive cells were detected at 6 months p.i. Therefore, only low numbers of viral antigen-positive cells were detected in both groups (Fig. 8) and there was no significant difference between the groups at any time point (P Ͼ 0.05, t test). Localization and cell types of viral antigen-positive cells were also similar between wild-type and CD1 Ϫ/Ϫ mice. Thus, there was no correlation between the numbers of viral antigen-positive cells and clinical signs.
Enhanced lymphoproliferation in CD1 ؊/؊ mice. We compared virus-specific lymphoproliferative responses between wild-type and CD1 Ϫ/Ϫ mice infected with DA virus. Spleen MNCs were isolated from DA virus-infected mice at different time points. Cells were stimulated for 5 days with DA-APCs, and DA virus-specific lymphoproliferative responses were measured using [ 3 H]thymidine uptake assays. In wild-type mice, although substantial DA virus-specific responses (stimulation index Ͼ 3) were detected at 1 week p.i., thereafter DA virus-specific lymphoproliferation was low during the 6-month observation period (Fig. 9) . In contrast, CD1
Ϫ/Ϫ mice developed higher TMEV-specific lymphoproliferative responses at 5 weeks and 2 months p.i.
Increased IL-4 production in CD1 ؊/؊ mice. Th1/Th2 cytokines have been shown to play an important role in TMEVinduced demyelinating disease (19, 38) . We compared the mitogen-induced production of IFN-␥ and IL-4 by spleen MNCs between wild-type and CD1 Ϫ/Ϫ mice at 1, 3, and 5 weeks and 2 and 6 months post-DA virus infection. We detected high levels (nanograms per milliliter) of IFN-␥ production in both groups of mice at all time points (Fig. 10a) . The levels of IFN-␥
FIG. 4. Alteration in clinical signs of CD1
Ϫ/Ϫ mice infected with the DA strain of TMEV. TMEV was injected on day zero. (a) Both wild-type and CD1 Ϫ/Ϫ mice developed an impaired righting reflex during the acute phase, 1 and 2 weeks p.i., to a similar extent. At 3 weeks p.i., CD1 Ϫ/Ϫ mice still had impairment of the righting reflex, but wild-type mice showed complete recovery. There were significant differences in righting reflex scores between the two groups. * , P Ͻ 0.05. mice than in wild-type mice at all time points, particularly at 1, 3, and 5 weeks p.i. (Fig. 10b) . The IFN-␥ (Th1)/IL-4 (Th2) ratio was higher in wild-type mice than in CD1 Ϫ/Ϫ mice during the first 2 months p.i. Cytokine production was not seen in cultures stimulated with either DA virus or medium alone at any time point (data not shown).
DISCUSSION
Here, we demonstrated that the neurovirulent GDVII strain of TMEV causes more rapid weight loss and higher mortality at low infectious doses in CD1 Ϫ/Ϫ mice than in wild-type mice. In the CNS, CD1 Ϫ/Ϫ mice had higher numbers of viral antigenpositive cells with fewer MNC infiltrates than wild-type mice. However, all GDVII virus-infected mice with clinical signs died regardless of the presence or absence of CD1d. The presence of CD1d did not protect mice from death, once infected mice showed clinical signs. This fatal outcome could be due to a failure of induction of antiviral immune responses and poor CNS infiltration of CD4 ϩ and CD8 ϩ T cells and B cells in GDVII virus infection, as we demonstrated previously (41) . Thus, the obvious differences in viral load and inflammation in the CNS between wild-type and CD1 Ϫ/Ϫ mice are likely due to the differences in innate immune responses rather than the differences in acquired antiviral immune responses. Here, CD1d-restricted cells, such as NKT cells, may play a significant but limited role in protection from GDVII virus infection, by induction of innate immune responses, leading to suppression of virus replication in the CNS. A similar protective role for NKT cells against lethal infection has been reported in BALB/c mice infected with coxsackievirus B4 (27) , which also belongs to the family Picornaviridae, as does TMEV.
In contrast, during the acute phase of DA virus infection at 1 week p.i., we detected substantial levels of virus-specific lymphoproliferative responses (stimulation index, Ͼ3) only in wild-type mice, and not in CD1 Ϫ/Ϫ mice, while clinical signs were similar between the wild-type and CD1 Ϫ/Ϫ mice. This suggests that CD1d-restricted cells, including NKT cells, aid in the induction of virus-specific T cells, which is consistent with a role for NKT cells in bridging innate and acquired immunity as shown in other systems (36, 50) . Interestingly, at 1 week p.i., wild-type mice tended to have more viral antigen-positive cells than CD1
Ϫ/Ϫ mice, while there was no statistical difference between the numbers of viral antigen-positive cells in the two groups. Although we do not know why wild-type mice infected with DA virus had more virus-infected cells in the brain, higher levels of virus replication in wild-type mice compared with CD1 Ϫ/Ϫ mice have also been observed in other viral infections (28) .
At 3 and 5 weeks after DA virus infection, we found that CD1 Ϫ/Ϫ mice, but not wild-type mice, developed clinical signs Ϫ/Ϫ mice and susceptible SJL/J mice is similar clinically and immunologically. However, thereafter, CD1 Ϫ/Ϫ mice recovered from clinical disease and no demyelination or viral persistence was observed at 2 and 6 months p.i. This is in contrast to DA virus-infected SJL/J mice, which show progressive demyelinating disease with virus persistence and high levels of virus-specific immune responses during the late chronic phase. We speculate that the differences in disease courses during the late chronic phase between CD1 Ϫ/Ϫ mice and SJL/J mice could be due to differences in virus persistence in the CNS and/or virus-specific immune responses. We previously demonstrated that, during the chronic phase of DA virus infection in SJL/J mice, virus persistence was correlated with inflammation in the CNS (45) . Thus, in SJL/J mice, CNS virus persistence could recruit virus-specific immune cells into the CNS, leading to inflammatory demyelination. In contrast, in CD1
Ϫ/Ϫ mice, the clearance of virus should result in the lack of a driving force for the migration of virus-specific immune cells into the CNS. The low levels of virus infection in CD1 Ϫ/Ϫ mice could be the reason why there were only low levels of CNS inflammation at 5 weeks and 2 months p.i., regardless of the presence of antiviral immune responses in the spleen. High levels of virus persistence can also contribute to enhancement or sustainment of virus-specific immune responses in SJL/J mice. We hypothesize that CD1 Ϫ/Ϫ mice could mount virusspecific encephalitogenic immune cells due to a lack of regulatory NKT cells during the early chronic phase, although only low numbers of virus-specific immune cells were recruited into the CNS due to low levels of virus infection. Then, during the late chronic phase, virus clearance in the CNS could result in a lack of recruitment of inflammatory cells into the CNS as well as a failure in enhancement or sustainment of virus-specific immune responses.
In GDVII virus infection, CD1d-restricted cells appear to be protective. Similarly, during the acute phase of DA virus infection at 1 week p.i., wild-type mice showed greater antiviral lymphoproliferation than CD1 Ϫ/Ϫ mice. Thus, CD1d-restricted cells seem to play an antiviral proinflammatory role Although the role of CD1d-restricted NKT cells has not been studied in TMEV infection, the role of NK cells in TMEV infection was investigated by Paya et al. (26) . In their study, DA virus-infected resistant C57BL/10 mice were treated with NK1.1 antibody or asialo GM1 antibody throughout the course of infection. Both antibody modalities resulted in exacerbation of the acute gray matter disease without an increase in viral titers in the CNS. In addition, only mice treated with asialo GM1 antibody developed demyelination. Since both asialo GM1 and NK1.1 are expressed on NK cells, NKT cells, and some other cell types (5, 33, 39) , changes in pathology by asialo GM1 and NK1.1 antibody treatments in Paya et al.'s study could be attributed to depletion of not only NK cells but also NKT cells.
To address the possible regulatory role for NKT cells in TMEV-susceptible strains of mice, in other studies we have treated DA virus-infected SJL/J mice with an antibody against V␣14, an invariant TCR that is expressed on most murine NKT cells (45a). We found that depletion of NKT cells by V␣14 antibody from 3 to 5 weeks p.i. resulted in exacerbation of demyelination with higher numbers of virus-infected cells in the CNS. These results suggest that NKT cells can play a regulatory role at the onset of TMEV-induced demyelination in both resistant and susceptible strains of mice. As yet, we do not know whether the regulatory mechanisms between the two mouse strains are the same. There are differences between our current experiments and the NKT cell depletion experiments in SJL/J mice. For example, we found a difference in virus persistence in SJL/J mice between the NKT-depleted and control groups, but not in BALB/c wild-type and CD1
Ϫ/Ϫ mice infected with DA virus. In addition, cytokine profiles of NKT cells in naïve mice have been shown to differ among mouse strains (31) .
Cytokine profiles of NKT cells can also differ, depending on the experimental system, even in the same strain of mouse. In DA virus infection, we found that the IFN-␥/IL-4 ratio was lower in CD1 Ϫ/Ϫ mice than in wild-type BALB/c mice. A similar change in the cytokine profile was reported in mice infected with coxsackievirus B3, which belongs to the family Picornaviridae, and the infected BALB/c CD1 Ϫ/Ϫ mice had a lower IFN-␥/IL-4 ratio in CD4 ϩ spleen cells than infected wild-type BALB/c mice (13) . However, in an autoimmune lupus model in BALB/c mice, IL-4 production by T cells was decreased and IFN-␥ levels were unchanged in CD1 Ϫ/Ϫ mice compared with wild-type mice, while CD1 Ϫ/Ϫ mice developed exacerbated autoimmune disease (51) . Thus, the alterations of the cytokine profile in the lupus nephritis model versus our current TMEV model were different despite the fact that the immune-mediated diseases were exacerbated in CD1 Ϫ/Ϫ mice in both models, suggesting a regulatory role for CD1d-restricted NKT cells.
Although we have discussed that a lack of NKT cells in CD1 Ϫ/Ϫ mice could modulate different TMEV infections, it is possible that other cell types restricted by CD1d may play a role in modulating TMEV infections. Such CD1d-restricted cells, such as certain T cells and V ␣ 14 Ϫ NKT cells, have been described in other systems, including virus infection (1, 3) . For example, CD1d-restricted V ␥ 4 ϩ cells seem to recognize CD1d in BALB/c mice infected with coxsackievirus B3 (13) . In EAE induced with myelin oligodendrocyte glycoprotein (MOG) peptide 35-55, sulfatide-specific CD1d-restricted T cells, distinct from invariant V␣14 ϩ T cells, have been suggested to play a protective role in C57BL/6 mice (16).
It should also be noted that, in our current experiments, we did not address the role of the second subset of NKT cells that express invariant TCR␣ chains, V␣19-J␣33 in mice or V␣7.2-J␣33 in humans, which are restricted by the MHC class Ib molecule MR1. In EAE induced with MOG In summary, we have demonstrated that, in GDVII virus infection, CD1
Ϫ/Ϫ mice are more susceptible to the fatal acute disease than wild-type mice. In DA virus infection, CD1 Ϫ/Ϫ mice developed demyelinating disease with an increase in neurological deficits and alterations of the DA virus-specific immune response and the cytokine profile compared with wildtype mice. Therefore, CD1d-restricted NKT cells could play a protective/regulatory role in both acute encephalitis induced by GDVII virus and the demyelinating disease induced by DA virus. Our current results suggest that CD1d as well as NKT cells could be future therapeutic targets in viral encephalitis as well as immune-mediated demyelinating diseases, including MS.
